Photoreceptors perceive different wavelengths of light and transduce light signals downstream via a range of proteins. COP1, an E3 ubiquitin ligase, regulates light signaling by mediating the ubiquitination and subsequent proteasomal degradation of photoreceptors such as phytochromes and cryptochromes, as well as various development-related proteins including other light-responsive proteins. COP1 is itself regulated by direct interactions with several signaling molecules that modulate its activity. The control of photomorphogenesis by COP1 is also regulated by its localization to the cytoplasm in response to light. COP1 thus acts as a tightly regulated switch that determines whether development is skotomorphogenic or photomorphogenic. In this review, we discuss the effects of COP1 on the abundance and activity of various development-related proteins, including photoreceptors, and summarize the regulatory mechanisms that influence COP1 activity and stability in plants.
Introduction
Light is one of the most important environmental cues that influences the growth and development of plants throughout their entire lifecycle (Jiao et al., 2007) . One of the best characterized light-controlled developmental processes is morphogenesis. Plants exhibit various morphogenesis patterns, including photomorphogenesis in the light and skotomorphogenesis in the dark. Photomorphogenesis is characterized by the inhibition of hypocotyl and stem elongation, open cotyledons, chloroplast differentiation and the accumulation of chlorophyll, and leaf expansion. Skotomorphogenesis, with an opposite developmental pattern to that of photomorphogenesis, is characterized by long hypocotyls and elongated stems, closed cotyledons with apical hooks, unexpanded leaves, and undifferentiated plastids and chloroplasts (Chen and Chory, 2011) . The switch from skotomorphogenesis to photomorphogenesis is dependent on the precise control of gene expression patterns by genetic and epigenetic pathways Tepperman et al., 2006; Hu et al., 2009; Leivar et al., 2009) . Photomorphogenesis-related genes are generally categorized as positive or negative regulators of photomorphogenesis according to their effects. Mutations in positive regulators cause plants to be less sensitive to light stimulus, displaying long hypocotyl morphology, whereas mutations in negative regulators cause plants to be highly sensitive to light treatment or lead to photomorphogenic development even under dark conditions. CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), which represses light signaling, is a core photomorphogenic regulator. COP1 is a universal controller that affects multiple functions in animal as well as plant systems (Yi et al., 2002; Yi and Deng, 2005; Marine, 2012) . COP1 is a ~76 kDa RING E3 ligase that contains a RINGfinger motif, a coiled-coil domain, and WD40 repeats (Yi and Deng, 2005) . The RING-finger motif interacts with ubiquitin-conjugating enzyme E2, the coiled-coil domain is involved in the formation of a complex between COP1 and SUPPRESSOR OF PHYA-105 (SPA), and WD40 repeats interact with target proteins (Holm et al., 2001; Yi and Deng, 2005) .
COP1 is a critical regulator that affects a range of plant growth and developmental processes. In this review, we discuss the current knowledge about the roles of COP1 in destabilizing and deactivating light-responsive proteins, including photoreceptors, and the regulatory effects of light-responsive proteins on COP1 function and stability under different light conditions. We also discuss the effects of COP1 on the stability and activity of other developmental process-related proteins.
Regulation of phytochrome abundance by COP1
Phytochromes are photoreceptors with a linear tetrapyrrole chromophore that perceive red and far-red light (Vierstra and Zhang, 2011) . Phytochromes are synthesized in the inactive Pr, red light-absorbing, form and are converted to the active Pfr, far-red light-absorbing, form after excitation by red light. The Pfr form is converted to the Pr form upon far-red light absorption. Arabidopsis (Arabidopsis thaliana) contains five phytochrome genes, PHYA, PHYB, PHYC, PHYD, and PHYE, which are grouped into two phy types, I and II. Lightlabile type I phy is highly abundant in etiolated seedlings and its level drastically decreases upon exposure to light, whereas light-stable type II phys are relatively stable in the light and are present in de-etiolated seedlings as well as adult plants (Reddy and Sharma, 1998; Sharrock and Clack, 2002; Xie et al., 2014) .
Under dark conditions, the most abundant phytochrome, particularly in seedlings, is phyA, but its level decreases up to 100-fold after exposure to light (Clough and Vierstra, 1997; Sharrock and Clack, 2002) . The Pfr form of phyA is much more light-labile than the Pr form. The half-life of the Pfr form is approximately 1-2 h, while that of the Pr form is approximately 1 week (Clough and Vierstra, 1997) . The molecular weight of phyA is approximately 120 kDa and it can form homodimers (Sharrock and Clack, 2004) . Interestingly, however, phyA does not form heterodimers with other phys (Sharrock and Clack, 2004) .
Light-mediated post-translational regulation controls phyA levels. Two decades ago, it was reported that phyA is ubiquitinated in vivo under red light conditions and degraded by the ubiquitin and 26S proteasome pathways (Shanklin et al., 1987; Jabben et al., 1989a,b; Clough and Vierstra, 1997) . Since then, phyA was shown to be ubiquitinated by COP1 via a direct interaction and subsequently degraded by the 26S proteasome complex (Fig. 1) (Seo et al., 2004) . The COP1-mediated degradation of phyA is tightly associated with SPA proteins and the phosphorylated phyA form preferentially associates with the COP1-SPA complex .
There are four SPA proteins, SPA1-SPA4, in Arabidopsis. SPA proteins are structurally similar to COP1. These proteins also contain a coiled-coil domain and WD repeats at their C-termini, as does COP1. However, the N-termini of SPA proteins are different from those of COP1. COP1 has a RING-finger domain while SPA proteins have a kinase-like domain (Deng et al., 1992; Hoecker et al., 1999) . COP1 and SPA proteins can form homo-and heterodimers via their coiled-coil domains, and COP1 and SPA form a tetramer complex composed of two COP1 and two SPA proteins . SPA proteins modulate the E3 ubiquitin ligase function of the COP1-SPA complex, which targets photomorphogenesis-related proteins for proteasomal degradation.
Interestingly, the light-induced decrease in phyA levels in the cop1 mutant is dependent on sucrose (Debrieux et al., 2013) . In addition, the normal light-induced decrease in phyA levels was observed in soil-grown cop1 plants (Debrieux et al., 2013) , indicating that the requirement of COP1 for phyA degradation is restricted to specific conditions. Moreover, CULLIN 1 (CUL1) is required for light-induced degradation of phyA but CUL4 is not (Debrieux et al., 2013) , suggesting that CUL1-based E3 ligase is also required for phyA degradation.
CUL proteins are molecular scaffolds that play crucial roles in the post-translational modification of cellular proteins involving ubiquitin. In Arabidopsis, three main CUL types, CUL1/CUL2, CUL3a/b, and CUL4, have been intensively studied, although the function of CUL2 was relatively less identified compared with other CUL proteins. Each of the CULLINs assembles a distinct Cullin-RING ubiquitin ligase (CRL) that ubiquitinates a specific group of targets (Hotton and Callis, 2008; Hua and Viestra, 2011) . Among the over 1500 E3 ubiquitin ligases in Arabidopsis, the CRLs represent the largest E3 ligase family (Hotton and Callis, 2008; Hua and Vierstra, 2011) . The COP1-SPA complex is also part of the CUL4-based E3 ubiquitin ligase CUL4-DDB1 (Damaged DNA Binding Protein 1)-COP1-SPA , which can ubiquitinate the substrates responsible for light-induced photomorphogenesis.
Moreover, a recent study indicated that the light-induced degradation of phyA is reduced in spa mutants irrespective of growth medium (Debrieux et al., 2013) , suggesting that SPA proteins may act independently of COP1.
Nuclear and cytoplasmic phyA are both degraded by the proteasome complex under red light conditions, but nuclear phyA is degraded more quickly than cytosolic phyA (Debrieux and Fankhauser, 2010; Toledo-Ortiz et al., 2010) . In addition, interactions between phyA and FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) inhibit interactions between phyA and COP1 , indicating that FHY1 also acts as a regulator of COP1-mediated phyA stability.
phyB is involved in several developmental processes, such as germination and shade avoidance (Casal, 2013) . Like phyA, phyB is interconverted between the Pfr and Pr forms through the absorption of red or far-red light. However, unlike phyA, approximately 50% of the phyB pool is converted to the Pfr form under high light conditions (Chen et al., 2005) . The stability of phyB, like that of phyA, is affected by light-mediated post-translational regulation. Red light stimulates the translocation of phyB from the cytosol to the nucleus, leading to its degradation by the 26S proteasome complex (Chen et al., 2005; Jang et al., 2010) . The E3 ligase activity of COP1 also mediates the degradation of phyB upon the direct interaction of COP1 with the N-terminus of phyB, although the interaction and ubiquitination assays demonstrating this effect were performed under in vitro conditions ( Fig. 1) (Jang et al., 2010) . PHYTOCHROME-INTERACTING FACTOR 5 (PIF5) promotes the interaction between phyB and COP1 (Jang et al., 2010) , indicating that PIF5 can act as a regulator of COP1-mediated phyB stability, although this was also demonstrated under in vitro conditions. phyC, phyD, and phyE participate in various signaling pathways including germination, shade avoidance, flowering, and photoperiodism (Mathews, 2010; Jang et al., 2010) , and their stability is also post-translationally controlled by the 26S proteasome complex via E3 ubiquitin ligase activity ( Fig. 1) (Jang et al., 2010) . The interactions between COP1 and the C-termini of phyC and phyD are relatively weak compared with those between their N-termini and COP1. By contrast, the interactions between the C-and N-termini of phyE and COP1 are comparable in strength (Jang et al., 2010) . However, since these results were obtained under in vitro conditions, this finding must also be demonstrated in plants. Nonetheless, these findings indicate that COP1 directly ubiquitinates the N-terminal or C-terminal regions of phyC, phyD, and phyE, which are then degraded by the 26S proteasome complex (Jang et al., 2010) .
Regulation of cryptochrome abundance by COP1
Plant cryptochromes (CRYs) are blue light receptors that control several photomorphogenic processes, including seed and seedling development, flowering, and circadian rhythms, as well as plant growth (Cashmore, 2003; Lin and Shalitin, 2003; Sancar, 2003; Liu et al., 2016a) . Like animal CRYs, plant CRYs have an N-terminal photolyase-related domain that is similar to photolyase at the amino acid level (Cashmore et al., 1999) . CRYs can be distinguished by their C-terminal domains, which are not found in general photolyases (Cashmore et al., 1999) .
Since ELONGATED HYPOCOTYL 4, later named CRY1, was first identified as a blue light photoreceptor in Arabidopsis several decades ago (Ahmad and Cashmore, (1) The regulation of far-red, red, and blue light photoreceptor levels by COP1. phyA-E, CRY1, and CRY2 levels are directly regulated by the E3 ligase activity of COP1. phyA and CRY2 are relatively rapidly degraded by COP1, whereas phyB-E and CRY1 are relatively stable. However, these proteins are also degraded by COP1. (2) Regulation of photomorphogenesis-related factor levels by COP1. The positive photomorphogenesis-related factors HY5, HYH, LAF1, HFR1, PIL1, PAR1, PAR2, BBX21, LZF1, and SCAR1 and the negative photomorphogenesis-related factors PIF1, PIF3, and BBX25 directly interact with COP1, and their levels are regulated by the E3 ubiquitin ligase activity of COP1. (3) Regulation of the levels of various signal transduction-related factors by COP1. The levels of flowering-and circadian clock-related factors CO, ELF3, and GI, hormone signaling-related factors BBX20 and GATA2, and stress response-related factors HRT and AtSIZ1 are directly regulated by COP1 via the ubiquitin and proteasome pathways.
1993), the basic functions of plant CRYs have also been characterized using transgenic plants expressing the C-terminal regions of CRY1 or CRY2, CCT1 or CCT2. Both types of transgenic plants exhibited constitutive photomorphogenic phenotypes (Yang et al., 2000) that strongly resembled the phenotypes of COP1 and COP9 signalosome (CSN) mutants (Deng et al., 1992; Wei et al., 1994) . The CSN is a deneddylase composed of eight subunits, CSN1 to CSN8, which removes NEDD8, a ubiquitin-like protein, from neddylated CUL1 (Lyapina et al., 2001; Bornstein and Grossman, 2015) . The CSN competes with the substrate for binding to CRL and sterically blocks substrate access while remaining bound to CRL, thereby keeping CRL inactive (Fischer et al., 2011; Emberley et al., 2012; Enchev et al., 2012) . Arabidopsis mutants for the CSN exhibit constitutive photomorphogenesis, pigmented seed coats, and arrested growth (Wei and Deng, 1992) .
Both CRY1 and CRY2 directly interact with COP1 (Yang et al., 2000; Yang et al., 2001; Wang et al., 2001; Wang et al., 2009 ), but they are differentially regulated to some extent. CRY2 undergoes rapid ubiquitination and proteolysis by the 26S proteasome in response to blue light, whereas CRY1 is stable ( Fig. 1) (Ahmad et al., 1998; Lin et al., 1998; Shalitin et al., 2002; Yu et al., 2009; Weidler et al., 2012) . In fact, CRY2 is a stable protein in etiolated seedlings, with a half-life of >24 h. However, CRY2 is rapidly degraded in etiolated seedlings exposed to blue light, with a markedly shortened half-life of approximately 25 min under a modest intensity of blue light of 16 μmol/m 2 s . However, the plants grown under different blue light conditions have different steady state levels of CRY2 degradation. CRY2 was continuously phosphorylated and degraded in the etiolated seedlings exposed to continuous blue light until most CRY2 in the cell was degraded, whereas it was highly accumulated in the seedlings germinated and grown under continuous blue light . This suggests that the plants exposed to different light conditions contain different levels of CRY2 phosphorylation, thereby resulting in a difference in the amount of CRY2, although the mechanism for this remains unclear. The direct interaction of COP1 with CRY1 or CRY2 suggests that CRY1-and CRY2-mediated blue light signaling is modulated by COP1.
The ubiquitination and degradation of CRY2 can also be controlled by COP1 via the CUL-based COP1-SPA1 E3 ubiquitin ligase under blue light. A recent study showed that blue light-dependent degradation of CRY2 is impaired in the cul4 mutant, demonstrating that CUL4 is involved in CRY2 ubiquitination (Liu et al., 2016b) . The involvement of COP1-SPA1 in CRY2 degradation is therefore due to the CUL4-based E3 ubiquitin ligase activity of this protein complex. Interestingly, the blue light-dependent degradation of CRY2 is not completely abolished in the cop1-5 null mutant or in the spa1234 quadruple mutant (Liu et al., 2016b) . In addition, the blue light-dependent degradation of CRY2 is also impaired in the cul1 mutant (Liu et al., 2016b) , suggesting the involvement of an additional E3 ubiquitin ligase, such as the CUL1-based E3 ubiquitin ligase.
Regulation of UV-B photoreceptor by COP1
Ultraviolet-B (UV-B) light, which ranges from 280 nm to 315 nm, is important for regulating plant growth and development (Frohnmeyer and Staiger, 2003; Ulm and Nagy, 2005; Jenkins, 2009 ) by controlling the expression of numerous genes involved in diverse plant processes, including metabolism, morphogenesis, photosynthesis, UV-protection, and defense against pests and pathogens. Many of these UV-Btriggered responses are mediated by a UV-B photoreceptor. A genetic screen for Arabidopsis mutants hypersensitive to UV-B identified UV RESISTANCE LOCUS 8 (UVR8), the only UV-B photoreceptor identified to date (Kliebenstein et al., 2002) .
UVR8 is a seven-bladed β-propeller protein with a molecular weight of approximately 50 kDa (Kliebenstein et al., 2002; Christie et al., 2012; Wu et al., 2012) . UVR8 can form dimers in the absence of UV-B light but dissociates to monomers in response to UV-B photoreception, which initiates signaling (Rizzini et al., 2011) . UVR8 regulates a range of UV-B responses by controlling the transcription of over 100 genes, and its mutation leads to the failure to induce genes involved in UV-protection, including genes for proteins involved in flavonoid biosynthesis and DNA repair and those with antioxidant activity (Brown et al., 2005; Favory et al., 2009; Tibrook et al., 2013; Jenkins, 2014) .
UVR8-mediated signaling responses are also regulated by COP1. The WD40 domain of COP1 directly interacts with the C-terminus of UVR8, amino acids 397-423 (Rizzini et al., 2011; Cloix et al., 2012) . UV-B absorption reduces the association of COP1-SPA with CUL4-DDB1 and dissociates the UVR8 dimer into monomers, stimulating the interaction of COP1 with UVR8 . The UVR8-COP1-SPA complex promotes UV-B-mediated responses, although whether SPA protein is required for UV-B responses is not yet clear . In addition, COP1 imports UVR8 into the nucleus from the cytosol through direct interaction with UVR8, resulting in the accumulation of UVR8 in the nucleus (Yin et al., 2016) . This finding indicates that COP1 is required for the nuclear accumulation of UVR8, which is essential for UV-B responses. The binding of COP1 to UVR8 can be inhibited by CUL4, resulting in the negative regulation of UVR8-mediated responses Huang et al., 2014) . In addition, the regulation of UVR8 by COP1 is modulated by REPRESSOR OF UV-B PHOTOMORPHOGENESIS (RUP) proteins . The RUPs have a WD40 domain with sequence similarity to the WD40 domain of COP1, and therefore RUPs exert their functions by displacing COP1 from UVR8 through the binding of RUPs to the C-terminal region of UVR8 (Grüber et al., 2010; Cloix et al., 2012; Heijde and Ulm, 2013) . However, it is not yet clear whether the binding affinity of RUPs to UVR8 is higher than that of COP1. There may be another mechanism involved in the dissociation of COP1 from the COP1-UVR8 complex. Moreover, COP1 interacts with BBX24/STO, which is involved in UV-B responses by attenuation of UV-B-induced accumulation of the bZIP transcription factor ELONGATED HYPOCOTYL 5 (HY5), a positive regulator of photomorphogenesis, through direct interaction with HY5 (Indorf et al., 2007; Jiang et al., 2012) , suggesting that these proteins might influence the formation of the COP1-UVR8 complex and regulate the effect of COP1 on UVR8.
Unlike phys and CRYs, the degradation mechanism of UVR8 by COP1 has not yet been reported. COP1 is responsible for nuclear localization of UVR8 without modulating the stability of UVR8 under UV-B light, representing a new function for COP1 and providing a clue to explain the phenotype of cop1 mutants that is not attributed to the E3 ubiquitin ligase activity of COP1.
Regulation of the abundance of various light signalingand photomorphogenesis-related factors by COP1
The abundance of a large number of proteins is post-translationally regulated, and their degradation is important for the signal-mediated control of development. In addition, various developmental processes, including light signaling and photomorphogenesis, are post-translationally controlled by the E3 ubiquitin ligase activity of COP1, and the abundance and stability of many of these proteins are also modulated by the E3 ubiquitin ligase activity of COP1. We will therefore discuss the proteins whose levels or activity are post-translationally regulated by COP1 activity at the protein level after translation (Fig. 1) .
COP1 directly interacts with and ubiquitinates HY5 and SPA1 inhibits HY5 ubiquitination by COP1 in vitro (Saijo et al., 2003) . In addition, SHORT HYPOCOTYL IN WHITE LIGHT 1 (SHW1), a Ser-Arg-Asp-rich-protein, directly interacts with HY5 and COP1 and enhances the ubiquitination of HY5 by COP1, as well as its degradation (Srivastava et al., 2015) , indicating that SHW1 negatively regulates photomorphogenesis. The bHLH transcription factor PHYTOCHROME-INTERACTING FACTOR 1 (PIF1), a negative regulator of chlorophyll biosynthesis and photomorphogenesis, interacts with COP1, HY5, and SPA1 and promotes COP1-SPA complex-mediated HY5 degradation (Xu et al., 2014b) . COP1 also induces HY5 homolog (HYH) degradation via a direct interaction, although its E3 ligase activity for HYH has not yet been confirmed in vitro (Holm et al., 2002) .
The MYB transcription factor LONG AFTER FAR-RED LIGHT 1 (LAF1), a positive regulator of photomorphogenesis, interacts with and is ubiquitinated by COP1 (Seo et al., 2003) . However, the ubiquitination of LAF1 is stimulated by SPA1 in vitro (Seo et al., 2003) , which is opposite to that observed with HY5. The atypical helix-loop-helix (bHLH) transcription factor LONG HYPOCOTYL IN FAR-RED 1 (HFR1), a positive regulator of light signaling, is also ubiquitinated by COP1 activity through a direct interaction (Yang et al., 2005b) , and HFR1 levels are negatively regulated by SPA1 (Yang et al., 2005a) . In addition, the interaction between HFR1 and LAF1 inhibits their ubiquitination by COP1, thereby reducing their degradation (Jang et al., 2007) .
The bHLH transcription factor PHYTOCHROME-INTERACTING FACTOR 3 (PIF3)-LIKE 1 (PIL1), a positive regulator of photomorphogenesis, physically interacts with COP1 in plant cells and is degraded in a COP1-dependent manner (Luo et al., 2014) , although the ubiquitination of PIL1 by COP1 has not been directly confirmed in vitro. The degradation of PHYTOCHROME RAPIDLY REGULATED 1 (PAR1), a negative regulator of the shade avoidance response, is accelerated in COP1-overexpressing plants, and PAR2, a negative regulator of the shade avoidance response, is highly abundant in cop1 mutants (Zhou et al., 2014) . In addition, COP1 physically interacts with both PAR1 and PAR2 (Zhou et al., 2014) , indicating that the degradation of these proteins may be COP1-dependent.
B-box (BBX) protein 21 (BBX21)/SALT TOLERANCE HOMOLOG 2 (STH2), a positive regulator of light signaling, is ubiquitinated by COP1 through a direct interaction and is degraded in a COP1-dependent manner (Xu et al., 2016) . STH3/LZF1, a positive regulator of photomorphogenesis, is ubiquitinated by COP1 in vitro and colocalizes to nuclear speckles in a COP1-dependent manner (Datta et al., 2008) , suggesting that COP1 negatively regulates LZF1. The E3 ligase activity of COP1 regulates root elongation in a light-dependent manner. The levels of the actin-related protein 2/3 (ARP2/3) complex activator SCAR1, a positive regulator of root growth, are regulated by COP1 through a direct interaction (Dyachok et al., 2011) . However, the COP1-mediated degradation of SCAR1 is suppressed by CRY and phy (Dyachok et al., 2011) .
The abundance and stability of several negative photomorphogenesis regulators are also controlled by COP1. PIF1 directly interacts with COP1 and SPA1, as well as the COP1-SPA-CUL4 complex (Xu et al., 2014b; Zhu et al., 2015) , and the ubiquitination and degradation of PIF1 is promoted by the COP1-SPA-CUL4 complex . PIF3 accumulates in the dark only in the presence of COP1 (Bauer et al., 2004) . However, the degradation of PIF3 is promoted by far-red or red light treatment in a COP1-independent manner (Bauer et al., 2004) , suggesting that COP1 promotes the destruction of factors required for the degradation of PIF3. In addition, the degradation of PIF3 is also promoted by DELLA proteins , indicating that DELLAs inactivate PIF3 to coordinate light and gibberellin (GA) signaling during plant development. The BBX zinc finger protein BBX25/STH, a negative regulator of photomorphogenesis, accumulates in cop1 mutants (Gangappa et al., 2013) , indicating that the degradation of BBX25 is mediated by COP1, although the ubiquitination of BBX25 by COP1 has not been directly demonstrated in vitro.
The abundance and stability of flowering time-and circadian clock-related proteins are also controlled by COP1. The floral inducer CONSTANS (CO)/BBX1 interacts with and is ubiquitinated by COP1 (Liu et al., 2008) , and its stability is regulated by COP1 ligase activity (Sarid-Krebs et al., 2015) , suggesting that COP1 represses flowering by promoting the ubiquitin-mediated proteolysis of CO. The circadian clock-and flowering-associated transcription factor EARLY FLOWERING 3 (ELF3) is ubiquitinated by COP1 through a direct interaction, and COP1-mediated degradation of ELF3 is enhanced by the interaction of the positive growth regulator BBX19 with ELF3 (Wang et al., 2015) . GIGANTEA, which is involved in maintaining the circadian clock and acts as an elicitor of photoperiod-dependent flowering, is degraded by a COP1-mediated ubiquitination process in a temperaturedependent manner .
COP1 also functions in the crosstalk between light and hormone signaling in Arabidopsis. The stability and activity of light-responsive factors HY5 and PIF1 are regulated by GA, indicating that crosstalk occurs between the GA-and COP1-mediated pathways (Alabadi et al., 2008) . BBX20 and GATAtype TRANSCRIPTION FACTOR 2 (GATA2), which mediate the crosstalk between brassinosteroid responses and light signaling, are degraded in a COP1-dependent manner (Luo et al., 2010; Fan et al., 2012) . In addition, the movement of COP1 to the nucleus via ethylene induces hypocotyl growth and HY5 degradation in the light (Yu et al., 2013) .
COP1 also controls stress responses through its ligase activity. The resistance (R) protein HYPERSENSITIVE RESPONSE TO TURNIP CRINKLE VIRUS (TCV) (HRT) is degraded in a proteasome-dependent manner through COP1 activity, a process that is negatively regulated by CRY2 and phototropin 2 (Jeong et al., 2010) . The levels and activity of the E3 SUMO ligase AtSIZ1 are directly regulated by COP1 through a direct interaction, and AtSIZ1-mediated plant responses to abiotic stresses such as dehydration, cold, and high salinity are controlled by COP1 (Kim et al., 2016; Lin et al., 2016) .
Modulation of COP1 levels and activity
The functionality and localization of COP1 are regulated by light. COP1 localizes to the nucleus under dark conditions but translocates to the cytoplasm in response to light. The RING and coiled-coil domains of COP1 are involved in the transit of this protein from the nucleus to the cytoplasm (Wang et al., 2009) .
COP1 is activated or inactivated via several mechanisms. First, COP1 is regulated by SPA proteins (Fig. 2, upper) , which interact with COP1 through their respective coiledcoil domains (Hoecker et al., 1999; Hoecker and Quail, 2001; Laubinger and Hoecker, 2003; Saijo et al., 2003; Laubinger et al., 2004) and alter the E3 ubiquitin ligase activity of COP1 in vitro (Saijo et al., 2003; Seo et al., 2003) . SPA2 levels decrease rapidly in the light (Balcerowicz et al., 2011) , suggesting that the formation of the COP1-SPA complex is inhibited by light. However, SPA1, SPA3, and SPA4 levels decrease only slowly upon exposure to light, suggesting that the activity of the COP1-SPA complex can be maintained in the light (Yang and Wang, 2006; Balcerowicz et al., 2011) . Mutations in SPA genes increase the effect of photomorphogenesis suppression in cop1 mutants (Saijo et al., 2003; Laubinger et al., 2004) . In addition, SPA1-overexpressing plants exhibit a highly etiolated phenotype not observed in the cop1-4 background and, conversely, COP1-overexpressing plants exhibit a highly etiolated phenotype not seen in the spa1-3 background under red or far-red light conditions (Yang and Wang, 2006) . Second, COP1 can be inactivated by conformational changes induced by interactions with factors affected by light (Fig. 2, upper) . For example, COP1-bound photoreceptor CRY1 is phosphorylated after the exposure to light, which leads to the conformational change of large multi-protein COP1 complex (Wang et al., 2001; Yang et al., 2001; Yi and Deng, 2005; Li and Yang, 2007) . This comprises the dissociation of the CDD elements COP10 and DDB1 from COP1. It causes redistribution of the components of the CSN and CDD (COP10-DDB1-DET1) complexes, which interact with the COP1 complex, thereby inactivating COP1 (Wei et al., 2008 (Wei et al., , 1994 Chamovitz et al., 1996; Suzuki et al., 2002; Saijo et al., 2003; Yanagawa et al., 2004; Chen et al., 2010) .
In addition, CUL4 interacts with DDB1 and the CUL4-based E3 ubiquitin ligase CUL4-DDB1 complex physically associates with COP1-SPA complexes via direct interactions of DDB1 with COP1 and SPAs; this large E3 ubiquitin ligase CUL4-DDB1-COP1-SPA complex increases the E3 ligase activity of COP1 for HY5 degradation . The CUL4-based E3 ligase CUL4-RBX1-CDD complex also physically associates with COP1, thereby positively regulating the COP1-dependent degradation of photomorphogenesispromoting transcription factors by enhancing COP1 activity (Chen et al., 2006) . However, UV-B exposure dissociates the COP1-SPA complex from the CUL4-DDB1 complex and induces the interaction of the COP1-SPA complex with UV-B receptor UVR8 to form the UVR8-COP1-SPA complex , which converts COP1 function from repressing to promoting photomorphogenesis, indicating that CUL4 can also participate in regulating the activity of COP1 complexes.
Third, COP1 activity is regulated by phys and CRYs (Fig. 2, lower) , which directly interact with SPA in a lightdependent manner and induce the dissociation of COP1 from the COP1-SPA complex Liu et al., 2011; Zuo et al., 2011; Lu et al., 2015; Sheerin et al., 2015) . This results in the inhibition of the COP1-mediated degradation of the downstream regulators BLUE INSENSITIVE TRAIT 1 (BIT1) (Hong et al., 2008) , HY5 (Saijo et al., 2003) , HFR1 (Yang et al., 2005) , and LAF1 (Seo et al., 2003) , and also enhances the ubiquitination activity of COP1 towards SPA1 and SPA2 (Balcerowicz et al., 2011; Chen et al., 2015) .
Fourth, COP1 activity is also regulated by UVR8 (Fig. 2,  lower) . Under UV-B conditions, the UVR8 monomer interacts with COP1 and sequesters COP1 in the nucleus (Favory et al., 2009) , which regulates the functioning of COP1 under UV-B through adjusting its substrate specificity (Favory et al., 2009) . HY5 is degraded under UV-B light in wild-type plants but not in the cop1-4 mutant (Favory et al., 2009) , indicating that COP1-mediated degradation of HY5 is inhibited under UV-B.
Several additional factors and mechanisms that control COP1 activity have also been identified (Fig. 2, lower) . PIF1 enhances the E3 ligase activity of COP1 by positively regulating the recruitment of substrates of COP1, as well as enhancing the self-ubiquitination and substrate ubiquitination activities of COP (Xu et al., 2014b) . COP1 SUPPRESSOR 1 (CSU1), a RING-finger E3 ubiquitin ligase, ubiquitinates COP1 and negatively regulates its accumulation in darkness, suggesting that CSU1 regulates COP1 homeostasis in dark-grown seedlings (Xu et al., 2014a) . CSU2 directly interacts with COP1 and inhibits its activity in vitro, thereby repressing the degradation of HY5 by COP1 . FAR-RED INSENSITIVE 219 (FIN219) directly interacts with COP1, affecting its subcellular localization and disrupting its activity (Wang et al., 2011) . LAF1 and HFR1 cooperatively inhibit their ubiquitination by COP1 and stabilize each other, thereby stimulating phyA signaling (Jang et al., 2007) .
Fifth, COP1 activity is affected by alternative splicing. COP1b is an alternative splicing variant in Arabidopsis that lacks 60 amino acids of the WD domain. The phenotype of plants overexpressing COP1b is similar to that of cop1 mutants, suggesting that COP1b has a dominant-negative effect on COP1 (Zhou et al., 1988) . COP1 can homodimerize through its coiled-coil region, amino acids 110-255) (Tori et al., 1998) , which likely explains the dominant-negative effect of COP1b overexpression. Similar effects were reported for mammalian COP1 splicing variants (Wertz et al., 2004; Savio et al., 2008) : the COP1 splicing variant induces the release of COP1 from the CUL-COP1 ligase complex after forming a dimer with COP1, indicating that the COP1 variant had a dominant-negative effect on COP1.
Sixth, COP1 levels are regulated by autoubiquitination. In mammalian systems, nuclear COP1 is autoubiquitinated after phosphorylation and is subsequently degraded (Dornan et al., 2006; Su et al., 2010) . Plant COP1 also has autoubiquitination activity, although this was demonstrated in an in vitro ubiquitination assay (Seo et al., 2003) , despite the lack of the conserved phosphorylation sites found in mammalian COP1, Fig. 2 . The modulation of COP1 levels and activity. The activity and stability of COP1 is positively modulated by PIF1, SPA, the CUL4-DDB1-COP1-SPA complex, and the CUL4-RBX1-CDD-DET1 complex (upper) but negatively modulated by CSU1, CSU2, FIN219, LAF1, HFR1, phys, CRYs, and the COP1-SPA-CSN-CDD complex (lower). The activity and stability of COP1 is also negatively modulated by its splicing variant COP1b (lower).
suggesting that COP1 levels in plants are also controlled by autoubiquitination.
Regulation of phytochrome and cryptochrome signaling integration by COP1
Shade avoidance is one of the plant growth responses to maximize photosynthesis in low-light conditions and can be controlled by the functions of phys and CRYs because light under a canopy is characterized by a low red-to-far-red ratio, low R:FR light, and low blue light, suggesting that photoreceptor crosstalk occurs during shade avoidance. COP1 participates in shade-induced elongation and accumulates in the nucleus in both light with low R:FR light and low levels of blue light, low blue light (Rolauffs et al., 2012; Pacin et al., 2013; Pacin et al., 2014) . CRYs and phys are associated with the COP1-SPA complex and their activation by light inhibits COP1-SPA activity Zuo et al., 2011; Sheerin et al., 2015) , as mentioned above. Under low R:FR and low blue light, the nuclear localization of COP1 and the relieved inhibition of COP1 through deactivation of CRYs can provide more favorable conditions for the degradation of COP1 targets than low R:FR light alone. Recently, de Wit et al. (2016) found that the cop1-4 mutant did not exhibit enhanced petiole elongation under the light conditions described above.
PIF4, PIF5, and PIF7 are key regulators of light signaling under low R:FR light (Lorrain et al., 2008; Li et al., 2012) , and PIF4 and PIF5 play a role in low blue light responses (Keller et al., 2011; Pedmale et al., 2016) . HFR1, HY5, and HYH, which negatively regulate the shade avoidance response, are induced by low R:FR light (Sessa et al., 2005; Roig-Villanova et al., 2007; Ciolfi et al., 2013) . Red light-activated phyB mediates PIF4 and PIF5 degradation and PIF7 inactivation (Lorrain et al., 2008; Li et al., 2012) , and blue light-activated CRY1 binds to PIF4 and PIF5 and inhibits PIF4 activity (Pedmale et al., 2016; Ma et al., 2016) , suggesting that the combined inactivation of phy and CRY might relieve the inhibition of PIF abundance and activity. The perception of low R:FR light by phy induces the shade avoidance response, including accelerated elongation growth of leafbearing organs (Ballaré et al., 1990) , and long-term exposure to low blue light induces a shade avoidance-like response, which depends on CRY (Keller et al., 2011; Pedmale et al., 2016) . In addition, petiole elongation under different light treatments is abolished in the pif4 pif5 pif7 mutant, but not in pif4, pif5, or pif7 (de Wit et al., 2016) , indicating that the enhanced response to low R:FR and low blue light depends on the combined actions of the transcription factors PIF4, PIF5, and PIF7.
The stimulation of the response to low R:FR light by low blue light is therefore dependent on COP1, and the degradation of low R:FR light-induced negative regulators including HFR1 is required for enhanced elongation under both low R:FR and low blue light conditions. All of these findings support the notion that COP1 controls the interaction between phy and CRY signaling under low R:FR and low blue light (Fig. 3) .
Conclusions
Many photomorphogenic controllers have been identified to date. Some of these controllers work in isolation, whereas others regulate photomorphogenesis in a synergistic fashion. COP1 is a core photomorphogenic controller that interacts with several different target proteins. The E3 ligase activity of COP1 is involved in the targeted degradation of many light-responsive proteins, including photoreceptors and transcription factors. However, COP1 is itself regulated in a light-dependent manner by various COP1 target or binding proteins. This reflects the multiple layers of positive and negative regulation employed by plants to successfully manage dark repression and light activation, i.e., skotomorphogenesis and photomorphogenesis, respectively. Although much is known about the control of light-specific plant development by COP1, several key questions remain to be addressed. For example, COP1 can form different types of complexes with various proteins, but it remains unclear how the role of COP1 in responses to light is fine-tuned at specific developmental stages and whether COP1 is present as a single polypeptide or as a scaffold protein. In addition, the biochemical regulatory mechanisms of COP1 have not yet been fully elucidated. For example, it is not known whether ubiquitination is the sole mechanism regulating COP1 or whether additional, possibly light-regulated biochemical pathways, are also involved Fig. 3 . Schematic diagrams of the regulation of the integration of phytochrome and cryptochrome signaling by COP1. Under low R:FR and low blue light conditions, COP1 is localized to the nucleus and COP1 is activated by its release through the inactivation of phys and CRYs. This provides more favorable conditions for the degradation of COP1 targets than low R:FR light alone, which leads to the degradation of negative regulators of the shade avoidance response, including HFR1, through the E3 ubiquitin ligase activity of COP1. At the same time, positive regulators of the shade avoidance response, PIF4, PIF5, and PIF7, accumulate and are activated. Low blue light therefore potentiates the low R:FR light response through the activities of PIF4, PIF5, and PIF7. In other words, low blue light enhances the low R:FR light response and COP1 modulates the shade avoidance response via phys and CRYs under low R:FR and low blue light conditions. R, red light; FR, far-red light; B, blue light.
in regulating COP1 stability in plants. The answers to these and other outstanding questions will be addressed in future studies.
